There is growing evidence from epidemiological studies that dietary protein may beneficially influence blood pressure (BP), but findings are inconclusive. We performed a meta-analysis of 29 observational studies and randomized controlled trials (RCTs) of dietary protein and types of protein in relation to BP or incident hypertension, published until January 2012. The analysis included eight cross-sectional studies (n ¼ 48 985), four prospective studies (n ¼ 11 761) and 17 RCTs (n ¼ 1449). A modest inverse association between total protein intake and BP ( À 0.20 mm Hg systolic (95% CI: À 0.39, À 0.01) per 25 g (B1 s.d.)) was found in cross-sectional studies, but not in prospective studies (relative risk of 0.99 (95% CI: 0.96, 1.02)). For RCTs that used carbohydrate as a control treatment, the pooled BP effect was À 2.11 mm Hg systolic (95% CI: À 2.86, À 1.37) for a weighed mean contrast in protein intake of 41 g per day. A non-significant inverse association of À 0.52 mm Hg systolic (95% CI: À 1.10, þ 0.05) per 11 g (B1 s.d.) was found for plant protein in cross-sectional studies, whereas animal protein was not associated with BP. In prospective studies and RCTs, however, the associations of plant protein and animal protein with BP were broadly similar. These findings suggest that increasing the intake of protein at the expense of carbohydrates may have a beneficial effect on BP. The BP effect of specific types of protein remains to be established.
INTRODUCTION
Elevated blood pressure (BP) is a major risk factor for cardiovascular diseases. In 2002, the World Health Organization estimated that about 62% of cerebrovascular disease and 49% of ischemic heart disease worldwide were attributable to suboptimal BP (that is, systolic BP levels 4115 mm Hg).
1,2 Prevention of high BP by healthy lifestyle and diet, therefore, can have a substantial public health impact; it has been estimated that a population-wide reduction in systolic BP of only 2 mm Hg is expected to result in a 6% reduction in fatal stroke and a 4% reduction in fatal coronary heart disease.
Some of the well-established measures to lower BP are weight reduction in overweight and obese individuals, reduced salt intake, moderation of alcohol intake (among those who drink) and an increased potassium intake. 3, 4 In addition, data from the large DASH trial among 459 (pre)hypertensive adults showed that BP can be substantially reduced by a diet rich in fruits, vegetables and low-fat dairy products compared with a typical US diet, with reductions in systolic BP being À 5.5 mm Hg in the total DASH population and À 11.4 mm Hg in hypertensive participants. 5 More recently, interest has grown in the influence of diet composition and macronutrient intake on BP. Whether total protein content of the diet and/or types of protein are important for human BP, however, is not clear.
In a previously published systematic review, we concluded that dietary protein could have a small beneficial effect on BP. 6 Observational (mainly cross-sectional) data suggested a more beneficial role for plant protein than for animal protein. More data on dietary (types of) protein and BP have recently been published. [7] [8] [9] [10] [11] [12] [13] We, therefore, performed a series of metaanalyses on total protein, plant protein and animal protein in relation to BP or incident hypertension, based on observational and trial data presented in the literature until January 2012.
MATERIALS AND METHODS

Study selection
For the systematic literature review that has recently been published, 6 a systematic MEDLINE search (1 January 1966 to 1 June 2010) was performed. Search terms on dietary protein and BP or hypertension were used to search for words in title or abstract, and Medical Subject Headings (Supplementary Table S1 in the online issue for detailed query syntax). An additional manual search was performed using reference lists of original research and review articles. For the present meta-analysis, an updated secondary search was conducted until January 2012, using the same query syntax.
We selected any observational or intervention study that examined dietary protein in relation to BP in generally healthy adults. All titles, abstracts and full papers of potentially relevant studies were assessed for 1 Top Institute Food and Nutrition, Wageningen, The Netherlands; eligibility based on predefined inclusion and exclusion criteria. Papers were excluded (1) if data on exposure (total protein, plant protein and animal protein) or outcome (BP, hypertension) were not sufficiently reported; (2) if no estimate for the relationship between exposure and outcome was reported; and (3) if the exclusive effect of protein could not be calculated (for example, studies that focused on dietary patterns, soy combined with isoflavones, or no isocaloric macronutrient replacement in trials). Finally, we excluded studies based on biomarkers, because the biomarkers used were too heterogeneous. Moreover, there were insufficient numbers of studies (p3) to perform a meta-analysis on trials investigating plant protein versus animal protein, and to perform a meta-analysis on studies examining the BP effect of protein sources (for example, dairy protein, meat protein or grain protein). A flowchart of the screening and selection process is provided in the online issue (Supplementary Figure S1) .
Statistical methods
From each included paper, we extracted data on protein intake, source of protein and BP values or estimated risk of hypertension according to a predefined standard form. In addition, we extracted data on design, country of study, number of participants, population characteristics (including initial BP, gender and age), dietary assessment method (food frequency questionnaire, 24-h recall, food diary), adjustment for confounders and measures of variation. Data were verified by two authors (ST, WAK). To allow better comparison of results from observational studies, we expressed associations in these studies by standard units of protein intake that correspond to B1 s.d. of protein intake in the Dutch population, that is, 25 g per day (3.5 en%) for total protein, 11 g per day (1.4 en%) for plant protein and 23 g per day (2.9 en%) for animal protein.
14 For parallel trials, we calculated the net systolic BP change by subtracting change from baseline in the intervention group from that in the control group. For crossover trials, the net systolic BP change was calculated as the final systolic BP in the intervention period minus the final systolic BP in the control period.
We used STATA version 11.0 (StataCorp, College Station, TX, USA) for meta-analysis using the METAN command. All statistical tests were twosided with a ¼ 0.05. Forest plots were created per study type for total protein, plant protein and animal protein in relation to systolic BP difference or hypertension incidence. For observational studies, we used the results from the main multivariable model that included most confounders. Between-study heterogeneity was assessed using the I 2 statistic, 15 which expresses the percentage of variation attributable to between-study heterogeneity. An I 2 -value X50% was considered to indicate substantial heterogeneity between studies.
For the meta-analysis on randomized trials with a carbohydrate control, we also conducted a meta-regression analysis on protein dose and study duration using the GLST command, with the generalized least-squares method for trend estimation of summarized dose-response data, based on the Greenland and Longnecker method. 16 Furthermore, to check whether systolic BP response to dietary protein was modified by subject characteristics, we conducted a meta-regression analysis on age, gender (% males), body mass index and initial systolic BP level.
RESULTS
Study characteristics
An overview of the eight cross-sectional studies 9,17-23 included in our meta-analysis is given in Table 1 . In total, data from 48 985 individuals (from six cross-sectional studies) were available for the analysis on total dietary protein and systolic BP. The mean (±s.d.) age of the study populations was 47±6 years (range: 38-53 years), mean baseline systolic BP was 124 ± 11 mm Hg (range: 107-135 mm Hg) and mean protein intake was 82 ± 7 g per day (range: 74-91 g per day). Table 2 shows the characteristics of the four prospective studies 7, 8, 20, 24 on protein intake and incident hypertension. In total, data from 11 761 individuals (from three prospective cohort studies) were available for the analysis on total dietary protein and hypertension incidence. The mean age of the study populations was 48 ± 15 years (range: 36-65 years), mean baseline systolic BP was 120±3 mm Hg, mean habitual total protein intake was 16±2 en% and follow-up lasted 2-10 years.
An overview of 17 randomized controlled trials (RCTs) [10] [11] [12] [13] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] on protein intake and BP is given in Table 3 . The number of participants in these trials ranged from 17 to 273. A total of 1449 individuals were included. The mean age of the trial populations was 50 ± 10 years (range: 31-74 years), the mean baseline systolic BP was 128 ± 10 mm Hg (range: 112-144 mm Hg), the mean difference in protein intake between intervention groups was 48±15 g per day (range: 26-74 g per day), and the trials had a mean duration of 17 ± 24 weeks (range: 3-104 weeks).
Total dietary protein
In the six cross-sectional studies that were available for investigating the association between total protein and BP (48 985 individuals), the combined results showed a significant, but small, inverse association with a pooled estimate of À 0.20 mm Hg systolic (95% CI: À 0.39, À 0.01) per 25 g (B1 s.d.) of total protein intake ( Figure 1 ). We observed no evidence for statistical heterogeneity (I 2 ¼ 3.1%, P ¼ 0.40). In our meta-analysis including data from three prospective studies (11 761 participants), total protein intake was not associated with incidence of hypertension with a pooled HR of 0.99 (95% CI: 0.96, 1.02, Figure 2 ) and no evidence for statistical heterogeneity (
In 14 intervention studies (1208 individuals) that used carbohydrate as a control treatment, the pooled BP effect was À 2.11 mm Hg systolic (95% CI: À 2.86, À 1.37, Figure 3 ) for a weighed mean contrast in protein intake of 41 g per day and no signs of statistical heterogeneity (I 2 ¼ 0.0%, P ¼ 0.98). Metaregression analyses showed no association of protein dose or study duration with BP response (Table 4) . Moreover, the BP response to dietary protein was not modified by subject characteristics, such as age, gender, baseline body mass index and initial systolic BP. We identified three trials with a fat control (mainly monounsaturated fatty acids, Table 3 ) yielding a pooled estimate of À 0.04 mm Hg (95% CI: À 2.20, þ 2.12) and no statistical heterogeneity (I 2 ¼ 36.2%, P ¼ 0.21, data not shown). The type of intervention, that is, increase in protein intake by means of diet versus supplements, did not influence the BP effect (Supplementary Figure S2) .
Plant protein versus animal protein
Our meta-analysis including seven cross-sectional studies (42 938 participants) showed a small, but non-significant, inverse association of À 0.52 mm Hg systolic per 11 g (B1 s.d.) for plant protein (95% CI: À 1.10, þ 0.05, Supplementary Figure S3 ), whereas animal protein (five cross-sectional studies, 41 496 participants) was not associated with BP (Supplementary Figure S4) . We observed substantial heterogeneity for plant protein (I 2 ¼ 75%, P ¼ 0.01) and animal protein (I 2 ¼ 55%, P ¼ 0.07). This was mainly because of the study of Umesawa et al. 21 in 7585 Japanese adults, which showed an inverse association with BP for animal protein and a direct association for plant protein. After exclusion of that study, heterogeneity was strongly reduced to 17% for plant protein (P ¼ 0.31) and 0% for animal protein (P ¼ 0.61). In addition, pooled estimates changed towards a larger difference between protein types, that is, À 0.73 mm Hg systolic per s.d. (95% CI: À 1.08, À 0.38) for plant protein and þ 0.24 mm Hg (95% CI: À 0.09, þ 0.57) for animal protein.
In our meta-analysis including data from four prospective studies (12 571 participants), incident hypertension was not related to plant protein (HR: 0.96, 95% CI: 0.89, 1.03; Supplementary Figure S5 Figure S7) . The pooled estimate for animal protein including data from four trials (574 individuals) was À 2.20 mm Hg systolic (95% CI: À 3.36, À 1.03) without evidence for statistical heterogeneity. 
Total dietary protein
In the present meta-analysis, cross-sectional studies showed a small beneficial association of total protein with BP, whereas this was not confirmed in prospective cohort studies. This discrepancy may be explained by lower BP levels in prospective populationbased studies owing to the exclusion of hypertensive participants Mean blood pressure at baseline.
Protein intake and blood pressure SMAJ Tielemans et al at baseline. Moreover, small associations in these studies may have been missed because of using a dichotomous outcome, that is, incident hypertension defined as BPX140/90 mm Hg or initiation of antihypertensive medication. This approach has the advantage that participants who started using medication during follow-up could be retained in the analysis, which reduced the risk of bias. A disadvantage, however, is that BP changes closely around the cut-off point are emphasized, whereas changes further away from the cut-off point are ignored. In addition, small BP differences may have been missed. Trials with a carbohydrate control provided stronger evidence for a beneficial effect of dietary protein on BP than observational studies did, which may be partly attributable to the inclusion of more vulnerable individuals; for example, those with (pre)-hypertension. In addition, in these trials supplements or fully controlled diets were mostly used, and attenuation of BP effects due to exposure misclassification does not occur. This is in contrast to observational studies in which protein intake is measured using memory-based methods. Finally, the contrast in protein intake was larger in trials with a weighed mean contrast in intake of 41 g per day (range: 26-74 g per day) versus a contrast of 25 g per day (B1 s.d.) in observational studies. The relatively high doses in trials may also have masked a dose-response relationship with BP. In both intervention and control group also, an exercise intervention was conducted.
h Weight maintenance after a period of weight loss. Table 1 ). The I 2 -value represents the proportion of variability in point estimates attributable to between-study heterogeneity. 15 A full colour version of this figure is available at the Journal of Human Hypertension journal online.
In isocaloric conditions, a BP effect after intake of protein will be relative to the intake of fat or carbohydrates, or both. The results of our meta-analysis indicate a stronger BP effect of protein when exchanged for carbohydrates rather than for fat (mainly monounsaturated fatty acids). A decreased carbohydrate intake, rather than an increased protein intake, may therefore also be involved in BP reduction. BP effects were more pronounced in trials using glucose or maltodextrin as a control compared with trials that were diet-based and had a mixture of carbohydrates in the control diet. The increase of protein at the expense of carbohydrates (especially 'fast' carbohydrates like sucrose and maltodextrin) reduces the glycemic index of diets, which may result in an attenuated insulin response. As there is some evidence for an unfavorable effect of insulin on BP, this may explain a BP-lowering effect of such diets. 37 However, it cannot be excluded that the more controlled dose in the supplementbased trials, rather than the type of carbohydrates, accounted for the stronger BP effects. In observational studies it was not clear which macronutrients were exchanged, which may explain why no association was found between protein intake and BP. Table 2 ). The I 2 -value represents the proportion of variability in point estimates attributable to between-study heterogeneity.
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A full colour version of this figure is available at the Journal of Human Hypertension journal online. Table 3 ). The I 2 -value represents the proportion of variability in point estimates attributable to between-study heterogeneity. 15 In the studies of Pal et al. 12 and He et al., 10 two intervention arms were included that were compared with the same control group. In the study of Meckling et al., 29 two intervention arms were included that were each compared with their own control group (intervention with and without exercise in both intervention and control group). A full colour version of this figure is available at the Journal of Human Hypertension journal online.
Plant protein versus animal protein
Early observational studies showed an inverse association for plant protein, but not for animal protein, with BP. 20, 23, 24, 38 In our meta-analysis based on cross-sectional studies, we observed a small and non-significant inverse association of À 0.52 mm Hg systolic per 11 g plant protein with substantial heterogeneity (I 2 ¼ 75%, P ¼ 0.01). This heterogeneity was mainly because of the study of Umesawa et al. 21 in 7585 Japanese adults, which showed an inverse association with BP for animal protein and a direct association for plant protein. After exclusion of that study, the pooled estimate for plant protein became larger and significant (that is, À 0.73 mm Hg, 95% CI: À 1.08, À 0.38). No association was observed for animal protein. The deviant estimates in the study of Umesawa et al. 21 may be attributable to the eating habits in Japan, where B24% of animal protein intake comes from fish, 39 whereas in China and in western countries B6% of animal protein intake is derived from fish. 39 Fish may be more beneficial to BP than meat, 40 which may explain the inverse association between animal protein and BP in the study of Umesawa et al. 21 A more beneficial influence of plant protein compared with animal protein on BP may, therefore, only be present in countries with a more westernized diet. Residual confounding from factors that are strongly correlated to intake of plant protein or animal protein cannot be excluded. Individuals in western countries who consume a diet rich in plant protein, probably have a healthier lifestyle than those who consume much animal protein. Although in most observational studies adjustments were made for nutrients that are indicators of a healthy lifestyle (for example, dietary fiber and potassium), incomplete adjustment for lifestyle factors or dietary factors, such as polyphenols that are abundant in plant food, may have resulted in residual confounding. On the other hand, in the metaanalysis based on prospective studies in western countries, plant protein was not related to incident hypertension (HR: 0.96, 95% CI: 0.89, 1.03).
To gain more insight in the BP effect of plant protein and animal protein, we conducted a meta-analysis of trials with a carbohydrate control, stratified by plant protein or animal protein in the intervention diet. We did not find a different effect between trials with protein interventions from plant sources or animal sources (data not shown). The protein source in all plant protein trials was soy, and results cannot be generalized to total plant protein. In a western diet, soy protein makes only a small contribution to total intake of plant protein (B2.5% in the Netherlands, unpublished data). It has been estimated that grain protein contributes B53% to plant protein intake in the Netherlands, with other important sources being potatoes (10%), vegetables (8%) and fruits (10%). Up to date, no trial has been conducted that examined the BP effect of dietary plant protein originating from these sources compared with a balanced mix of animal protein.
In conclusion, the present meta-analysis indicates a beneficial effect of total dietary protein on BP when consumed instead of carbohydrates. In 14 trials that used carbohydrates as a control treatment, the pooled BP effect was À 2.11 mm Hg systolic for a weighed mean contrast in protein intake of 41 g per day. This contrast in protein intake is larger than in observational studies (s.d. B25 g per day), which suggests that the BP effect in trials is likely to be higher than in the general population. However, a small BP decrease may still have a substantial public health impact. It has been estimated that a populationwide reduction in systolic BP of only 2 mm Hg is expected to result in a 6% reduction in fatal stroke, and a 4% reduction in fatal coronary heart disease. 3 In the present meta-analysis, no difference in BP effect for plant protein or animal protein was observed. BP trials of protein from different sources that reflect habitual intakes in western populations are warranted. For now, a prudent diet with adequate amounts of dietary protein at the expense of carbohydrates may be recommended for the prevention of hypertension.
What is known about the topic A healthy diet can substantially lower BP. Cross-sectional studies suggested an inverse association of protein intake (especially plant protein) or urinary protein excretion markers with BP. A beneficial effect of substituting protein for carbohydrates on BP was also found in RCTs, including the OmniHeart Trial. Prospective cohort studies of long-term protein intake and risk of hypertension, however, yielded conflicting results.
What this study adds
A series of meta-analyses was performed that included 29 prospective cohort studies and RCTs of total protein, plant protein and animal protein in relation to BP or incident hypertension. The totality of evidence, especially from RCTs, points towards a beneficial effect on BP when protein intake is increased at the expense of carbohydrates. Plant protein or animal protein had broadly similar effects on BP in RCTs. The effect of protein intake from specific sources (for example, meat, dairy and grain) remains to be established. 
